The purpose of this study was to identify neuromuscular characteristics related to dynamic restraint in the knee. Observing compensatory changes to these characteristics in women with anterior cruciate ligament injuries provides important information for understanding functional knee stability, injury prevention, and performance. Twelve female subjects with anterior cruciate ligament injuries and 17 female control subjects participated in this study to assess electromyographic activity during landing from a hop and knee perturbation; hamstring muscle stiffness and flexibility; and isokinetic strength. Females with anterior cruciate ligament deficiencies had significantly increased preparatory muscle activity in the lateral hamstring before landing, but no differences in reactive muscle activity during landing or reflex latency after joint perturbation. Females with anterior cruciate ligament deficiencies had significantly less hamstring muscle stiffness and flexibility, but also had greater peak torque and torque development for knee flexion. Lower Lysholm scores were observed in females with anterior cruciate ligament deficiencies but no difference was found in functional performance of the single leg hop test. These neuromuscular characteristics provide a foundation for future research investigating injury prevention and rehabilitation techniques that maximize dynamic restraint through stiffness regulation and the timing of specific muscle activation strategies.
The purpose of this study was to identify neuromuscular characteristics related to dynamic restraint in the knee. Observing compensatory changes to these characteristics in women with anterior cruciate ligament injuries provides important information for understanding functional knee stability, injury prevention, and performance. Twelve female subjects with anterior cruciate ligament injuries and 17 female control subjects participated in this study to assess electromyographic activity during landing from a hop and knee perturbation; hamstring muscle stiffness and flexibility; and isokinetic strength. Females with anterior cruciate ligament deficiencies had significantly increased preparatory muscle activity in the lateral hamstring before landing, but no differences in reactive muscle activity during landing or reflex latency after joint perturbation. Females with anterior cruciate ligament deficiencies had significantly less hamstring muscle stiffness and flexibility, but also had greater peak torque and torque development for knee flexion. Lower Lysholm scores were observed in females with anterior cruciate ligament deficiencies but no difference was found in functional performance of the single leg hop test. These neuromuscular characteristics provide a foundation for future research investigating injury prevention and rehabilitation techniques that maximize dynamic restraint through stiffness regulation and the timing of specific muscle activation strategies.
The incidence of noncontact anterior cruciate ligament (ACL) injuries in females has attracted attention to the dynamic restraint mechanism and its role in protecting capsuloligamentous structures from excessive joint loads. 22 The capacity of the dynamic restraint mechanism is dictated by several neuromuscular characteristics including preparatory and reactive muscle activation, muscle stiffness, flexibility, and muscle force production. 2, 11, 38, 45, 54 Changes in these compensatory mechanisms may affect performance in those with ACL injuries. Identifying a pattern of aberration in the dynamic restraint mechanism may lead to new prevention and treatments strategies. 45 Those with ACL injuries who return to high levels of physical activity may have the most successful adaptive mechanisms, preventing repeated bouts of functional instability and minimizing serious pathologic sequelae. 42, 45, 59 Previous studies have had mixed results related to the most advantageous characteristics of the dynamic restraint mechanism. Some electromyography (EMG) research links preparatory or reactive muscle activation strategies to enhanced dynamic restraint. 2, 5, 8, 9, 27, 38, 45, 48, 58 Other studies suggest biomechanical factors such as muscle stiffness, flexibility, and strength correlate well with functional performance. 20, 38, 45, 58 Although good clinical research suggests that all of these neuromuscular characteristics are important to dynamic restraint, incomplete data exist regarding the relationship between these characteristics and the functional status of individuals with ACL injuries. Therefore, the purpose of the current study was to investigate the dynamic restraint mechanism by establishing the neuromuscular characteristics of lower extremity muscles in females with ACL injuries and healthy subjects. In addition, the relationships between these neuromuscular characteristics and function were explored. Where moderate to strong correlations were seen, the ability to predict function by assessing these characteristics also was determined.
MATERIALS AND METHODS

Experimental Design
This was a stratified post-test only control group design consisting of 29 female volunteers. The independent variable was the condition of the ACL. The dependent variables were muscle activity before and after landing from a hop, as measured by the area of integrated EMG recordings, hamstring latency after joint perturbation, hamstring muscle stiffness, knee flexion and extension force production, hamstring flexibility, and function. Variability of pilot data from EMG studies yielded the most conservative estimate of the sample size for this experimental study. A minimum effect size of K 2 ‫ס‬ 0.20 between groups and a probability level of ⌬ ‫ס‬ 0.05 required 10 subjects in each group for a statistical power of p ‫ס‬ 0.83. 17 Pilot experiments confirmed moderate to high test-retest correlation coefficients ranging from 0.80-0.99. 2, 4, 32, 36, 44, 49, 50, 53 Subjects were required to complete a questionnaire and provide consent in accordance with the university's biomedical institutional review board. All subjects completed, in order, the Lysholm functional knee rating scale and tests for muscle force production. The measure of peak torque was required for assessing muscle stiffness. The order of the remaining tests was counterbalanced, including the single leg hop for distance, muscle activity during landing, hamstring latency, muscle stiffness, and flexibility assessment. No reports of knee pain or functional instability occurred during testing.
Subjects
The experimental group (n ‫ס‬ 12; age, 25.2 ± 7.3 years) had complete unilateral anterior cruciate ligament tears at least 1 year before (mean time, 33.6 ± 5.2 months) shown by mechanical instability. 33 The criteria for mechanical instability were positive Lachman and pivot shift tests assessed by an orthopaedic surgeon, and anterior laxity greater than 3 mm (ACL-injured with 8.6 ± 2.7 mm; control, 4.9 ± 1.45 mm) (KT 1000 MEDmetric Corp, San Diego, CA) compared with the uninvolved limb. 10, 30, 33 For inclusion all subjects had a minimum Tegner activity score of 3 (ACL-injured, 5.4 ± 1.83; control, 5.41 ± 1.5). 33, 49, 50 In addition, the experimental group must have completed a rehabilitation program, and had a range of motion (ROM) of at least 90°flexion and less than 5°flexion contracture. 30 Subjects with disability attributable to secondary meniscal damage or ligamentous injury in excess of Grade I, or those who had reconstructive surgery were excluded.
The control group (n ‫ס‬ 17; age, 22.7 ± 4.0 years) consisted of recreationally active subjects between the ages of 18 and 30 years, with no previous history of knee disorder. The dominant limb was used for testing and was determined for each subject by identifying the leg in which they would prefer to kick a ball.
Electromyographic Assessment
Surface EMG data were collected from the vastus medialis, vastus lateralis, medial hamstring, and lateral hamstring muscles during landing from a hop, anterior tibial displacement, and muscle stiffness testing. Multi Bio Sensors self adhesive AgAgCl bipolar surface electrodes (Multi Bio Sensors Inc, El Paso, TX) detected myoelectric activity and was processed with the Noraxon Telemyo system (Noraxon USA Inc, Scottsdale, AZ). The location for placing electrodes was identified by bony landmarks and by palpating the midlength of the contractile component during an isometric contraction. The ground electrode was positioned over the proximal tibia. Each electrode measuring 10 mm in diameter was placed 25 mm apart after the skin was shaved, lightly abraded, and cleaned with 70% ethanol solution. The acceptable impedance between paired electrodes for each muscle was less than 2 k⍀ and was measured with a standard multimeter. Signals from the muscle leads were passed to a battery-operated eight-channel frequency modulation transmitter worn by the subject. A single-ended amplifier was used (gain 500) with a fourth order Butterworth filter (10-500 Hz) and a common mode rejection ratio of 130 db. A receiver (gain 2, total gain 1000) converted the signal from analog to digital data with an A/D card (Keithley Metrabyte DAS-1000; Keithley Instruments, Inc, Tauton, MA). The signal then was passed to a computer where raw EMG data were sampled at a frequency of 2500 Hz, and analyzed with Myoresearch software (Noraxon USA Inc). Before each test, the myoelectric signal was calibrated with the subject in a relaxed position to establish the baseline EMG activity. Raw EMG data were processed by full-wave rectification and smoothing over a 15-ms moving window.
Muscle Activity during Landing
The subject stood on a 20-cm step, balanced momentarily on the test limb, and hopped to a target (x) placed 30 cm horizontally (Fig 1) . 37 The subject did two practice attempts followed by three test trials and the ensemble peak was used for amplitude normalization. 61 Two force sensitive resistors were mounted on the heel and head of the first metatarsal to mark ground contact. The area of integrated EMG preparatory muscle activity was represented by a 150-ms period before landing and reactive muscle activity was described by a 250-ms period after ground contact (Fig 2) .
37,58
Hamstring Latency after Joint Perturbation
Reflexive muscle activity in the hamstrings also was assessed by measuring the onset time after anterior translation of the tibia. A special knee perturbation device was designed, based on previous publications, to impart a 100-N force on the posterior aspect of the tibia while anterior displacement of the tibia and raw EMG data were recorded (Fig 3) . 2, 24, 58 The subject's foot was placed on a scale to monitor weightbearing status (9-13 kg) and secured in 10°-15°ankle dorsiflexion. 58 The knee and hip were placed in 30°flexion with restraints around the anterior thigh.
2,58 Two linear potentiometers (Omega Technology, Stamford, CT) interfaced with the EMG computer were positioned to quantify linear displacement in increments of 0.05 mm. The first linear potentiometer was placed against the inferior pole of the patella and the second was placed on the tibial tubercle. The difference between these two values eliminated error attributable to extraneous movement and established the onset of anterior displacement of the tibia relative to the femur.
A pneumatic cylinder (Tri State Hydraulics, Pittsburgh, PA) attached to a sliding mechanism imparted a 100 ± 1.6-N force to the posterior aspect of the tibia displacing it anteriorly. 2, 24, 58 Simultaneously, EMG signals from the four thigh muscles and linear potentiometers were passed to the computer for analysis. 58 Two practice trials were done followed by three test trials. A 100-ms period before the onset of tibia translation was analyzed Clinical Orthopaedics and Related Research to establish a mean and standard deviation in microvolts (V) of the baseline signal. 41 The criteria of 4 standard deviations above the mean baseline amplitude was used to denote the onset of reactive muscle activity and was recorded in milliseconds ( Fig  3A) . 41 
Hamstring Stiffness Assessment
Muscle stiffness was calculated by modeling the hamstring and lower leg after one-degree-of-freedom mass spring system. 38, 57 Subjects would lie prone on a table with the thigh supported in 30°hip flexion (Fig 4) . A boot attached to the subject's foot was weighted corresponding with 45% of the subject's peak torque. 38 The subject then was instructed to position the lower leg parallel to the floor (30°-knee flexion) maintaining a constant level of contraction in the hamstring muscles with the aid of the EMG display and verbal cues. 38, 47 A force (approximately 100 N) was applied manually to the posterior aspect of the boot initiating small oscillations of the lower leg. 38, 47, 54 A uniaxial accelerometer (NeuwGhent Technology, LaGrangeville, NY) attached to the boot measured the damped natural frequency of oscillation (Hz) of the lower leg. The frequency was determined from the interval between the first complete sinus cycle displayed as successive maximum amplitude peaks. The change in amplitude between successive peaks, measured in gravitational force (g), was used to calculate the coefficient of damping. With these two values, and knowledge of the mass attached to the lower leg, the stiffness of the hamstring muscles was calculated (Fig 5) . 38, 53, 56 Anthropometric data were used to transform the linear stiffness value of Newton-meters (N-m) into angular equivalents (N-m rad −1 ). 56 Two practice and three test trials were done.
Muscle Force Production
Isokinetic strength testing was done with the Biodex System 2 Dynamometer (Biodex Medical Inc, Shirley, NY) to assess peak torque and torque at 0.2 seconds of the quadriceps and hamstring muscle groups. For isokinetic strength, a standardized knee position was assumed and testing was done at speeds of 60°/second with torque values automatically adjusted for gravity by the Biodex Advantage Software v. 4.0 (Biodex Medical Inc). 19, 44 Warm-up procedures consisted of two submaximal (50% and 75%), and one maximal repetition followed by data collection during five reciprocal maximum repetitions.
Flexibility
Hamstring flexibility was measured with the active knee extension test (Fig 6) . 60 The subject was positioned supine on a table with the test limb in 90°hip and knee flexion. The anterior surface of the thigh was placed in contact with a crossbar attached to the table and the axis of a goniometer was positioned at the knee. The subject actively extended the knee until the thigh began to break contact with the crossbar and the degrees from full knee extension were recorded.
Functional Performance and Impairment
Functional performance was assessed by measuring the distance of a single leg hop. 4, 26 Subjects stood on their involved or dominant limb, with the opposite limb positioned at 90°hip and knee flexion and arms placed on their hips. 4, 26 The subjects were asked to achieve the maximum horizontal distance without swinging the arms or contralateral leg. The horizontal distance (cm) was measured and the mean of three trials was normalized to the subject's stature. 26 The Lysholm knee rating scale contains eight items based on clinical findings seen after knee ligament injury. 36 Each of the eight items was scored based on the frequency of symptoms and the subject's ability to do the specified activity. A sum of the scores represented knee function with a rating of 100 indicating no impairment. 36 
Statistical Analysis
Multiple t tests with Bonferroni correction were used to establish mean group differences between the experimental and control groups on the dependent variables. A p < 0.05 was accepted to denote statistical significance. 17 To establish the relationship between the neuromuscular characteristics and function, Pearson product-moment correlation coefficients were calculated. 17 When moderate to strong correlations existed, a stepwise multiple regression analysis was done to determine the degree to which the neuromuscular characteristics can be used to predict function.
Fig 1.
Preparatory and reactive muscle activities were recorded with an EMG telemetry unit while the subject did a landing task.
Number
RESULTS
The analysis of integrated EMG data revealed a significant increase in the area of preparatory activity in the lateral hamstring muscles for the ACL-injured group (Table 1) but no differences were identified in the area of reactive muscle activity (Table 2) or hamstring latency after joint perturbation (Table 3) . Muscle stiffness testing revealed that the ACL-injured group had significantly lower hamstring muscle stiffness (mean, 2.90 ± 1.11 N-m rad −1 /weight) than the control group (mean, 3.84 ± 1.51 N-m rad −1 /weight). The ACL-injured group also showed (Table 5 ). Significant positive correlations were revealed between hamstring flexibility and functional performance (hop/height distance) (r ‫ס‬ 0.65; p ‫ס‬ 0.00) and between physical activity level (Tegner score) and functional performance (r ‫ס‬ 0.42; p ‫ס‬ 0.03). A stepwise multiple regression analysis revealed that 42% of the hop per height distance can be explained by hamstring flexibility (r 2 ‫ס‬ 0.42; F ‫ס‬ 19.75; Significant F ‫ס‬ 0.00), but physical activity level did not significantly increase the predictability of functional performance in the hop test (Significant T ‫ס‬ 0.09).
DISCUSSION Preparatory Muscle Activity before Landing
Contemporary theories regarding dynamic joint stabilization emphasize the significance of preactivated muscle The subject was in a prone position for hamstring muscle stiffness testing. Electromyographic activity was synchronized with an accelerometer attached to the weighted boot.
Fig 5.
A typical recording included hamstring muscle activity and accelerometer signal synchronized during stiffness testing. The time and amplitude of the first (marker A) and second (marker B) sinusoid peaks was used to calculate hamstring muscle stiffness. 37 used a landing task similar to the one used in the current study and did not identify significant sideto-side or between-group differences in subjects with ACL injuries. However, Branch et al 5 observed significant increases (38%) in the area of lateral hamstring activity when subjects with an ACL injury did a cutting maneuver. The current study also identified significant increases in preparatory lateral hamstring muscle activity in subjects with ACL injuries. Branch et al 5 concluded that because episodes of functional instability frequently involve anterior tibial translation and internal rotation, increased activation of the lateral hamstring muscle would provide the most protection for maintaining joint stability. Although there are contradictory reports involving preparatory muscle activation, the evidence supporting preprogrammed, compensatory muscle activation strategies in subjects with ACL injuries is growing. 5, 11, 18, 27 The increased preparatory hamstring activity may best be explained by the feed-forward process of motor control. 31 Feed-forward processing emphasizes preactivated muscle patterns in anticipation of movements and joint loads. 11, 13, 18 After ACL injury, sensory feedback may be used to build a new internal model depicting the expected conditions during functional activities. 28 Using this advance information about a task permits subjects with ACL injuries to preprogram muscle activation patterns and compensate for mechanical instability through dynamic restraint. With feed-forward processing, knee stability can be maintained during high speed, functional movements.
Reactive Muscle Activity
Debate exists regarding the capacity of reactive muscle contractions to help with functional joint stability. Timing (latency) and amount of reactive muscular contractions have the potential to assist with dynamic restraint in subjects with ACL injuries. 2, 24, 45, 58 Previous studies suggest that subjects with ACL injuries may use the feedback process of motor control to minimize anterior tibial translation. This reactive strategy includes increasing hamstring activity and decreasing quadriceps activity. 3, 5, 6, 8, 12, 16, 31, 40 However, the results of the current did not reveal significant differences and a quad avoidance strategy was not observed. It is possible that increased preparatory muscle activity in the ACLinjured group eliminated the need for modifications to the reactive muscular contractions. Pretensioning the hamstring muscle with a preparatory contraction may restrict excessive tibial translation and therefore reactive muscle activity remained unchanged.
The timing of reactive muscle contractions is another critical factor if the feedback motor control process is expected to contribute to dynamic restraint. 2, 24, 45, 58 It is suggested that if reactive dynamic stabilization is to be effective at protecting joint structures, a very fast motor response (30- 58 confirmed these results and observed that subjects with ACL injuries had slightly longer delays depending on the time from injury. However, results of the current study concur with those of Jennings and Seedhom, 24 who were unable to reproduce these deficits, reporting onset times of 41 ms in the uninvolved limb and 32 ms in the ACL-injured limb. There are numerous factors that may have contributed to these discrepancies including different test procedures, instrumentation, and subject samples. Another possible explanation is that joint perturbation tests do not elicit reflexive muscular activation originating from the ACL or other capsuloligamentous structures, but a monosynaptic stretch reflex response from muscle spindles in the medial and lateral hamstrings. 2, 24 The peripheral site where sensory feedback originates and the neural pathway followed contribute to the response time of muscles. The onset times recorded in this study coincide with the monosynaptic stretch reflex and seem to be unaffected by ACL injury. 15, 25, 28 Hamstring Muscle Stiffness Muscle stiffness was calculated to determine the resistance of the hamstring muscles to stretch. The results identified group differences but numerous factors are involved with regulation of stiffness including joint position, preparatory and reactive muscle activation strategies, and flexibility. 34, 37, 45, 54, 55 The complex interaction between these components mediates muscle stiffness and is incorporated into the neuromuscular control strategy best suited for dynamic restraint and functional performance. 1, 37 In vivo measurements of muscle stiffness originally were done to determine how performance was affected by the mechanical properties of the muscle 1,37,38, 56 Bach et al 1 suggested that the neuromuscular control apparatus modifies muscle stiffness, depending on the requirements of a task, to optimize these properties. For example, onelegged hopping is better done in resonance with the natural frequency of muscles elastic properties. 1, 39 This strategy uses the mechanical properties of muscle to conserve energy and increase the efficiency of movement. 1, 39, 56 Therefore, individual muscle stiffness seems to be an important determinant in the selection and performance of functional movement strategies. Wilson et al 54 and Rudolph et al 46 suggested that lower stiffness might be advantageous during functional activities because stored elastic energy is used to absorb loads more efficiently. Subjects with ACL injuries in the current study may use lower muscle stiffness to absorb ground reaction forces in tenomuscular rather than capsuloligamentous structures. McNair et al, 38 however, identified a positive correlation between increased hamstring muscle stiffness and increased functional performance in subjects with ACL injuries. A second landing study done by McNair and Marshall 37 revealed that subjects with ACL injuries with greater hamstring muscle activity had lower ground reaction forces and lower hamstring muscle stiffness. Subjects with ACL injuries in the current study also had greater 46 and suggests there is an important relationship or interaction among muscle activation timing, stiffness, and function in subjects with ACL injuries. However, additional research with subjects with ACL injuries is needed because it is unclear whether low muscle stiffness is a congenital, predisposing factor to injury or a compensatory adaptation benefiting the dynamic restraint mechanism.
Muscle Force Production
Previous isokinetic assessments have revealed peak torque deficits in the quadriceps and hamstring muscles of subjects with ACL injuries. 14, 23, 29, 33, 35, 43, 47 However, only quadriceps peak torque values are consistently less in the ACL-injured limb, but this was not observed in the current study. 29, 33, 47 Wojtys and Huston 58 assessed peak torque and body weight ratio in a group of subjects with ACL injuries who were considered to be functioning well, and found normal or increased hamstring muscle strength. 58 This data are consistent with the current results. No previous literature has been identified confirming the improved torque at 0.2 seconds for knee flexion of the ACLinjured group. These results support rapid force production as a characteristic beneficial to dynamic restraint in subjects with ACL injuries. The capacity of the hamstring muscles to generate greater torque in a shorter time would create a posterior force vector resisting excessive anterior translation of the tibia. 33, 43, 51, 58 This quality may be inherent or the result of muscle hypertrophy and recruitment strategies developed during rehabilitation. 52 Subjects with ACL injuries who possess these characteristics may be able to preserve functional stability through dynamic mechanisms, and therefore elect not to have surgical reconstruction.
Flexibility
The premature development of tension from inflexible hamstrings may be beneficial for restricting excessive anterior tibial translation and provide dynamic restraint in the ACL-injured knee. Results of the current study agree with the results of Harner et al 20 who assessed hamstring flexibility and found that females with ACL injuries had significantly less flexible hamstring muscles when compared with a control group. The mechanism responsible for hamstring inflexibility involves excitatory and inhibitory protective reflexes initiated by muscle spindles and golgi tendon organs. Protective reflexes originating from these mechanoreceptors are the primary determinants of maximum muscle length. 19 Neuromuscular adaptations to these reflexive pathways can decrease hamstring muscle flexibility and result in the premature development of ham- 26 Juris et al 26 also tested subjects with ACL reconstructions who had almost identical scores (67.52% ± 14.22%) as the ACL-injured group in the current study. These results are an indication that the ACLinjured group was able to maintain a normal level of functional performance despite the mechanical instability. The neuromuscular characteristics assessed in the current study may be responsible for enhancing dynamic restraint capabilities, thereby maintaining functional stability and performance in the ACL-injured group.
Functional impairment was assessed with the Lysholm knee rating scale and confirmed that the control group (score, 95) did not experience functional impairment because of a knee injury. 36 The ACL-injured group scored significantly lower (score, 78), which was considered fair. 36 Although the ACL-injured group experienced more symptoms of knee injury, these symptoms did not seem to effect activity level or functional performance.
Relationships Between the Neuromuscular Characteristics and Function
Significant positive correlations were revealed between hamstring flexibility and functional performance, and between activity level and functional performance. The relationship between hamstring flexibility and functional performance may result from the use of stored elastic energy during the single leg hop test. 56 All subjects were observed doing a small counter movement before executing the hop test. This movement can enhance performance by pretensioning the elastic component of the hamstring muscle and eliciting a stretch reflex response. 56 Subjects with more flexible hamstring muscles may be capable of storing and using the elastic energy more effectively as evidenced by increased hop distance. 1, 55, 56 The correlation between activity level and functional performance may imply that the physically active subjects were familiar with the specific demands of the task and the most successful motor control strategies needed to execute the single leg hop test.
The current study explored dynamic restraint mechanisms by assessing the neuromuscular characteristics of females with ACL injuries and healthy female subjects. Females with ACL injuries showed greater preparatory activity in the lateral hamstring muscles, less hamstring stiffness and flexibility, but no differences in reactive muscle activity. The ACL-injured group also had greater peak torque and torque development for knee flexion. Positive correlations were seen among hamstring flexibility, activity level, and functional performance with 42% of the hop and height distance explained by hamstring flexibility.
Increased preparatory activity suggests that females with ACL injuries use feed-forward processing to pretension muscle thereby enhancing dynamic restraint capabilities. Decreased muscle stiffness in the ACL-injured group most likely involved a complex regulatory strategy to maximize energy absorption. The results of strength testing suggest that subjects with ACL injuries possess adaptations to the hamstring muscle group that permit them to produce greater force in a shorter time, therefore increasing dynamic restraint. Our research also suggests that hamstring inflexibility may contribute to dynamic restraint through adaptive shortening and the protective reflexes that mediate hamstring tension. The compensatory neuromuscular characteristics assessed in this study may be responsible for enhancing the dynamic restraint capabilities and assist with functional stability in females with ACL injuries. These characteristics should be explored to reveal their potential for preventing knee injuries through dynamic restraint.
